Abstract. We present our preliminary results on the calculation of hadronic light-by-light forward scattering amplitudes using vector four-point correlation functions computed on the lattice. Using a dispersive approach, forward scattering amplitudes can be described by γ * γ * → hadrons fusion cross sections and then compared with phenomenology. We show that only a few states are needed to reproduce our data. In particular, the sum rules considered in this study imply relations between meson−γγ couplings and provide valuable information about individual form factors which are often used to estimate the meson-pole contributions to the hadronic light-by-light contribution to the (g − 2) of the muon.
Introduction
The anomalous magnetic moment of the muon a µ = (g − 2) µ /2 provides a strong test of the Standard Model of particle physics. The persistent 3 − 4 σ discrepancy between the experimental result and the theoretical prediction could be a sign of new physics. Two new experiments at Fermilab and J-PARC plan to reduce the error by a factor of four in the next few years [1, 2] . The theory error is dominated by the hadronic vacuum polarisation (HVP) and the Hadronic light-by-light (HLbL) contribution and the latter is expected to dominate in the near future. Two collaborations have presented partial results on the direct calculation of the HLbL contribution [3] [4] [5] [6] [7] [8] . In a complementary way, lattice QCD can provide essential hadronic inputs for the models and dispersive approach to a HLbL µ [9] [10] [11] [12] [13] . In particular, a lattice calculation of the pion transition form factor (TFF) can provide the necessary input for the dominant pion-pole contribution [14] . The contribution from other narrow pseudoscalar mesons could in principle be computed in a similar way even if the calculation is more demanding due to the presence of large disconnected contributions. However, higher intermediate states are resonances and the direct computation of the associated TFF is much more challenging. Two-photon fusion processes are related to the light-by-light forward scattering amplitude via sum rules [15] . Using a phenomenological parametrization of the γ * γ * → hadron cross sections and fitting the model parameters to the HLbL amplitude computed on the lattice, we are able to test its ability to describe the HLbL amplitude at spacelike virtualities and extract information about single-meson TFFs. The latter can then be used to estimate a The ensembles, whose parameters are listed in Table 1 , are generated using the plaquette gauge action for gluons [19] and the O(a)-improved Wilson-Clover action for the fermions [20] with the nonperturbative parameter c SW [21] . For each ensemble, the four-point correlation function is computed at two values of Q 
for some Euclidean tensor T E . In particular, an explicit expression for M T T can be found in [7] .
Connected contribution to the light-by-light forward scattering amplitudes
The result for a subset of the eight amplitudes for the ensemble F7 is depicted in Fig. 2 for a fixed virtuality Q 4 Description of lattice data using phenomenology
Parametrization of the hadronic two-photon fusion cross sections
In this section, we describe the main assumptions used to describe our data using phenomenology. Concerning single-meson production, only C-parity-even states are involved. We therefore include pseudoscalar, scalar, axial and tensor mesons and consider only the lightest state in each channel. Since we are working with two degenerate dynamical quarks, isoscalar η-type mesons are not included. Furthermore, based on flavor symmetry and large-N counting (N is the number of colors) [22] , one can show that with two dynamical quarks, the non-singlet meson poles contribute with a factor 34/9 to the fully-connected diagrams and the singlet mesons do not contribute whereas in the 2+2 disconnected diagrams, in addition to the singlet mesons, the non-singlet mesons contribute with a factor −25/9 thus largely compensating for the previous factor 34/9. Therefore, since we neglect disconnected contributions, we do not include isoscalar and isovector mesons separately but only isovector Table 1 . Parameters of the simulations: the bare coupling β = 6/g 2 0 , the lattice size, the hopping parameter κ, the lattice spacing a extracted from [18] , the pion and rho masses and the number of gauge configurations. Table 2 . Mass and two-photon width of the particles included in this work as quoted by the PDG [23] . For the axial meson, we use the isoscalar two-photon width divided by 25/9 based on isospin and large-N arguments. (6) mesons with an overall factor 34/9, and the list of particles is given in Table 2 . Finally, the Born approximation to γ * γ * → π + π − cross section is included using scalar QED as in Ref. [15] dressed with a monopole vector form factor. Since this contribution turns out to be small, the monopole mass will not be fitted but set to the lattice rho mass. Our simulations are performed away from the physical quark masses; therefore, the pion and rho meson masses are set to their lattice values determined from the exponential decay of the pseudoscalar and vector two-point correlation functions. For other resonances, we simply assume a constant shift in the spectrum, such that m X = m
The pion TFF has been measured experimentally by several collaborations in the single-virtual case for virtualities in the range Q 2 ∈ [0.6 − 40] GeV 2 [24] [25] [26] [27] . The experimental data are well described by a monopole TFF but the latter is ruled out by lattice data obtained with both single and double virtual photons [14] . We therefore use the lattice results obtained on the same set of ensembles.
The scalar meson can be produced by two transverse (T) or two longitudinal photons (L) and the two-photon fusion process is therefore parametrized by two TFFs F T Sγ * γ * and F L Sγ * γ * . The transverse TFF F T Sγ * γ * for the isoscalar meson f 0 (980) has been measured experimentally in the region Q 2 < 30 GeV 2 by the Belle Collaboration [28] and the results are compatible with a monopole form factor with M S = 800(50) MeV. We therefore assume
where M S will be considered as a free fit parameter. The normalisation of the TFF is given by the two-photon decay width Γ γγ [23] and we assume that F L Sγ * γ * (Q 
in which 2ν = m [29, 30] , and their result reads M A = 1040(78) MeV. In the following, M A will be considered as a free fit parameter and the normalisation of the TFF is given from the effective two-photon width as defined in Ref. [15] .
Finally, tensor meson amplitudes are described by four form factors
2 ) with Λ = (0, T ), (0, L), 1, 2. The single-virtual TFFs with helicities Λ = (0, T ), 1, 2 have also been measured experimentally in the region Q 2 < 30 GeV 2 by the Belle Collaboration [28] , and data are compatible with a dipole form factor [31] 
The four dipole masses M T,(Λ) will be considered as free fit parameters. Again, the normalisation of the TFFs are obtained from the experimentally measured two-photon width [23] assuming that the ratio of helicity two to helicity zero mesons is r = 91.3 % [32] . For helicity (0, L), where no experimental data exist, we used the value extracted from Ref. [31] using dispersive sum rules.
Fits of the eight light-by-light forward scattering amplitudes and chiral extrapolations
We perform a global fit of the eight amplitudes using the phenomenological model described in the previous section. There are six fit parameters corresponding to monopole and dipole masses of the scalar, axial and tensor mesons. The results for four amplitudes corresponding to the ensemble F7 are shown in Fig. 2 where the χ 2 /d.o.f. is 1.2, and the results for all five ensembles are summarized in Table 3 . In Fig. 3 , we show the relative contribution of each channel to the different amplitudes at fixed virtualities Q Table 4 we also give the relative contribution of each channel to the eight amplitudes.
The pseudoscalar and tensor mesons give the dominant contribution to the amplitudes M T T , M 
M LL for the five lattice ensembles. Table 4 . Relative contributions in % of each particle to the different amplitudes for the ensemble F7 using contribute to M T L , M LT where the main contribution comes from axial and tensor mesons. In the last three amplitudes
M LL all scalar, axial and tensor contribute significantly, sometimes with opposite signs. Finally, scalar QED contribution is always small compared to other channels.
The chiral extrapolation is depicted in Fig. 4 . The scalar monopole mass is M S = 1.01(9) GeV, slightly above the experimental result from the Belle Collaboration, which obtains M S = 796(54) MeV for the isoscalar scalar meson [28] . The axial dipole mass M A = 1.40(5) GeV should be compared with the experimental value by the L3 Collaboration M A = 1040(80) MeV for the isoscalar f 1 (1285) [29, 30] . Finally, the tensor dipole mass M (2) T = 1.42 (12) GeV is close to the value obtained in [31] from a fit to the Belle data [28] . However, the dipole masses M Figure 4 . Chiral extrapolations of the scalar, axial and tensor monopole/dipole masses. The black points correspond to lattice data, the red point to the result extrapolated at the physical pion mass and the blue point corresponds to a smaller lattice spacing and gives an indication of the size of discretization effects.
Conclusion
We have presented a first lattice calculation of the eight light-by-light forward scattering amplitudes.
Only the fully-connected subset of diagrams is included so far and we plan to include the 2+2 disconnected diagrams which have been computed for the ensembles E5 and F6. The amplitudes satisfy dispersion relations which involve the two-photon fusion processes. Assuming that only a few states are needed to saturate the sum rules, we have proposed a phenomenological model to describe our data. The main inputs are the associated single meson TFFs. For the pion, we use our recent lattice calculation and for scalar, axial and tensor mesons, we assume monopole and dipole TFFs, where monopole and dipole masses are considered as free fit parameters whereas the normalisation is taken from experiment. The model is in good agreement with lattice data and using different pion masses we are able to extrapolate our results to the chiral limit and compare with experiment.
